Systemic lupus erythematosus (SLE or lupus) (OMIM: 152700) is a chronic autoimmune disease with debilitating inflammation that affects multiple organ systems. The STAT1-STAT4 locus is one of the first and most highly replicated genetic loci associated with lupus risk. We performed a fine-mapping study to identify plausible causal variants within the STAT1-STAT4 locus associated with increased lupus disease risk. Using complementary frequentist and Bayesian approaches in trans-ancestral Discovery and Replication cohorts, we found one variant whose association with lupus risk is supported across ancestries in both the Discovery and Replication cohorts: rs11889341. In B cell lines from patients with lupus and healthy controls, the lupus risk allele of rs11889341 was associated with increased STAT1 expression. We demonstrated that the transcription factor HMGA1, a member of the HMG transcription factor family with an AT-hook DNA-binding domain, has enriched binding to the risk allele compared with the non-risk allele of rs11889341. We identified a genotype-dependent repressive element in the DNA within the intron of STAT4 surrounding rs11889341. Consistent with expression quantitative trait locus (eQTL) analysis, the lupus risk allele of rs11889341 decreased the activity of this putative repressor. Altogether, we present a plausible molecular mechanism for increased lupus risk at the STAT1-STAT4 locus in which the risk allele of rs11889341, the most probable causal variant, leads to elevated STAT1 expression in B cells due to decreased repressor activity mediated by increased binding of HMGA1.
Introduction
Systemic lupus erythematosus (SLE) or lupus is an autoimmune disorder characterized by multiple organ system pathology mediated by exaggerated antibody responses to self-antigens. The pathoetiology of lupus is postulated to be driven by environmental factors in the context of a genetic-risk background. Epidemiological studies support the genetic component of lupus risk. Specifically, the sibling risk ratio (k s ) is , and monozygotic twins of individuals with lupus have a disease concordance rate of 20-60% (1-7). Many family-based and large cohort studies [e.g. candidate and genome-wide association studies (GWAS)] have identified tagging variants throughout the genome that contribute to lupus disease risk. These studies have identified over 85 different loci, including variants on the long arm of chromosome 2 spanning the STAT1 and STAT4 genes (8) (9) (10) .
Unbiased genomic analyses have revealed an enrichment of activating chromatin marks and expressed gene products in B cells at lupus risk loci, including the STAT1-STAT4 locus (11, 12) . B cells are critical cells in the development and pathogenesis of lupus. Patients with lupus have many autoantibodies produced from B cells that have eluded immunological tolerance. These autoantibodies are pathogenic in patients with lupus and result in immune complex deposition and inappropriate, self-directed inflammatory responses (13) .
The STAT1-STAT4 locus has been associated with increased lupus disease-risk in all major ancestries, although association in the African American ancestry is weaker (P < 0.001) and has never been reported at a genome-wide significant level (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . Most of these studies have used the 'tag' variants within the third intron of the STAT4 gene (20) to establish a significantly higher minor allele frequency (MAF) in subjects with lupus compared to control subjects (14, 18, 19, 21, 22, 24, (31) (32) (33) (34) (35) (36) (37) (38) . Mechanistically, little is known about how genetic variation at this locus increases lupus disease risk. A recent study demonstrated that a haplotype of lupus-risk variants at this locus are associated with increased expression of both STAT1 and STAT4 in monocytes, and the haplotype containing these variants is the only disease-associated haplotype in the region (39) .
In this study, we performed a fine-mapping analysis using frequentist and Bayesian statistical methods with an aim to identify a candidate causal variant by interrogating all common genetic variants (MAF > 0.01) within the STAT1-STAT4 locus (GRCh37 chr2: 191,700,000-192,100,000) in multi-ethnic Discovery and Replication cohorts. These analyses revealed a single plausibly causal genetic variant located within intron 3 of STAT4, rs11889341. We established a STAT1 cis-eQTL involving rs11889341 in Epstein-Barr Virus transformed lymphoblastoid cell lines (LCLs) generated from patients with lupus and healthy controls. We further identified allele-dependent differential binding of the HMGA1 transcription factor at the candidate causal variant. Finally, we demonstrated that the genomic region within intron 3 of STAT4 containing this candidate causal variant represses gene expression in a genotype-dependent fashion, with the risk allele attenuating the repression. Together, this study provides a plausible biological mechanism through which a lupus risk variant at the STAT1-STAT4 locus leads to increased STAT1 expression in B cells.
Results
We genotyped 327 variants at the STAT1-STAT4 locus in a multi-ancestral discovery cohort of 13 577 individuals. This cohort included individuals of European & European American, Asian & Asian American, African American, and Amerindian ancestry. We used data from The 1000 Genomes Project to impute an additional 485 variants with MAF > 0.01 and a genotyping rate > 90%. We used a total of 812 variants for model building and genetic analysis with the goal of identifying candidate causal variants to explain association at this locus with increased lupus disease risk.
First, we used a logistic regression model with the admixture estimates as covariates to identify variants highly associated with increased lupus disease risk. We identified genome-wide significant association in the European & European American, Asian & Asian American, and Amerindian cohorts, but did not see a statistically robust association of genetic variants in individuals of African American ancestry (Fig. 1, Supplementary Material, Table S1 ). To identify the number of genetic effects present within the locus, we performed a step-wise logistic regression analysis starting with rs11889341 as a covariate in the European, Asian, and Amerindian cohort. The genotype of rs11889341 was sufficient to account for virtually all of the lupus association at this locus (>10 orders of magnitude) in each of the ancestral cohorts (Supplementary Material, Figs S1 and S2, and Table S1 ). A small number of genetic variants in the region that were not initially associated with SLE risk demonstrated nominal significance (10 À4 < P < 10 À2 ) after the first step-wise regression analysis. After conditioning on rs11889341, we performed further step-wise logistic regression by including variants with a residual association as an additional covariate. This did not result in significant decreases in the level of remaining association (P < 0.01). These analyses support a model with a single genetic effect tagged by the lupus-risk variant rs11889341 and a second minor, probably insignificant, genetic effect, which is likely complex in nature.
To complement the frequentist analysis, we performed a Bayesian analysis with the genotyped and imputed variants in the STAT1-STAT4 region for each of the three cohorts with genome-wide significant lupus risk association at this locus. We identified a credible set of variants that account for 99% of the posterior probability in the STAT1-STAT4 region (12, 15 and 5 genetic variants in the European & European American, Asian & Asian American, and Amerindian cohorts, respectively) ( Fig. 2 and Supplementary Material, Table S2 ). In our genetic analysis, we identified a single major genetic effect in the European & European American, Asian & Asian American, and Amerindian samples, which is shared amongst the three ancestries. Based on the presence of a shared genetic effect, we inferred that the disease mechanism at STAT1-STAT4 locus is likely common for all ancestries. Based on this assumption, we developed an 'ancestry-informed credible set' (AICS) by identifying variants shared amongst the three credible sets (Supplementary Material, Table S2 ). As expected, the variants in the AICS are in high linkage disequilibrium (R 2 > 0.8) and the variants with the most significant P-values have the highest Bayes factors (BFs). The AICS contains four lupus-risk genetic variants shared across the three ancestries with lupus association. We validated our assumption of a shared mechanism by performing a weighted trans-ancestral meta-analysis using METAL (40) and identified the four AICS variants as the four most significantly associated variants (Supplementary Material, Fig. S3 and Table S2 ). We used an independent trans-ancestral Replication cohort of 7762 individuals to complement our initial genetic analysis. We identified a lupus-risk association of genetic variants in each of the Replication cohorts with genome-wide significant Table S3 ). This variant is highly associated in all ancestries (Supplementary Material, Fig. S6 ). Based on our model of a shared mechanism across all ancestries, we performed another trans-ancestral meta-analysis using the association data from both the replication and discovery cohorts. The single variant shared across the 99 credible sets, rs11889341, is also the most strongly associated variant in our trans-ancestral meta-analysis (Fig. 3) .
We then focused mechanistic analysis on this candidate causal variant. rs11889341 is located within the third intron of the STAT4 gene in a genomic region with H3K4Me1 marks in multiple LCLs (Supplementary Material, Fig. S7 ), suggesting that the variant falls within a regulatory region in B cells (41) . Using B cell lines developed from lupus patients and healthy subjects, we found an eQTL establishing that the risk allele of rs11889341 leads to increased STAT1 expression in SLE cases (Fig. 4A , with subjects separated by case control status in Supplementary Material, Fig. S8 ). We observed a similar trend in the healthy controls, but this trend did not reach statistical significance. We did not observe genotypedependent expression of the STAT4 gene (Supplementary Material, Fig. S8 ). Based on these results, we hypothesized that rs11889341 affects the gene expression of STAT1 in B cells through genotypedependent transcription factor binding.
We constructed a luciferase reporter with rs11889341 and the flanking genomic sequence inserted upstream of a minimal promoter. Using site-directed mutagenesis, we generated reporter vectors differing at only the genotype of the genetic variant. We observed a strong repression of the nanoluciferase reporter by the region containing the non-risk allele of rs11889341 compared with an empty vector construct (Fig. 4B ). This repressor activity was significantly reduced for the construct containing the risk allele (Fig. 4B) . These results suggest that the region containing the variant rs11889341 can act as strong repressor in B cells and that the risk allele at rs11889341 decreases repressor activity.
To identify transcription factors binding the rs11889341 variant in a genotype-dependent fashion, we performed DNA affinity precipitation assays (DAPA) followed by liquid chromatographytandem mass spectrometry. This proteomic analysis identified the HMGA1 protein binding to both the risk and the non-risk alleles. Based on the DNA binding motif for HMGA1 and the 'DNA Scan' tool provided on the Cis-BP web server (42), we hypothesized that HMGA1 would bind more strongly to the risk allele (Supplementary Material, Fig. S9 ). . Genomic position is provided using GRCh37 (hg19) coordinates. The variants were assessed in a logistic regression model using the admixture estimates as a covariate. Genome-wide significance was defined as P < 5 Â 10 À8 .
To assess allelic binding of HMGA1 to the variant in B cells of patients with lupus, we performed chromatin immunoprecipitation (ChIP) followed by quantitative polymerase chain reaction (qPCR) in a B cell line that is heterozygous for rs11889341. These experiments revealed enhanced binding of HMGA1 to the risk allele of rs11889341 (>3-fold increased binding) ( Fig. 4C and Supplementary Material, Fig. S10 ) in three independent experiments. To further connect the differential binding of HMGA1 to the decreased repressive activity seen in the luciferase assay, we scrambled the putative HMGA1 binding site in the luciferase reporter and found decreased reporter activity of the risk allele, as expected (Supplementary Material, Fig. S11 ). Taken together, our data suggest the variant rs11889341 alters the binding of the transcription factor HMGA1, explaining the decreased repression in a luciferase assay in LCLs and increased expression of the STAT1 gene in LCLs derived from lupus patients.
Discussion
We undertook a fine-mapping study to identify plausible causal variants within the STAT1-STAT4 locus in the context of increased lupus disease risk. Using complementary frequentist and Bayesian approaches in trans-ancestral Discovery and Replication cohorts, we found one variant whose association with lupus risk is supported across ancestries in both the Discovery and Replication cohorts: rs11889341. In B cell lines from patients with lupus and healthy controls, the rs11889341 risk allele is associated with increased STAT1 expression. The transcription factor HMGA1, which binds AT-rich DNA through an AT-hook, binds the risk allele of rs11889341 more strongly than the non-risk allele. We identified a genotype-dependent repressive element at the DNA surrounding rs11889341 within an intron of STAT4. Consistent with our eQTL analysis, the lupus risk allele of rs11889341 decreases the activity of this putative repressor, resulting in higher STAT1 expression levels. Altogether, we present a plausible molecular mechanism for increased lupus risk at the STAT1-STAT4 locus in which the risk allele of rs11889341 leads to increased STAT1 expression in B cells due to decreased repressor activity mediated by increased HMGA1 binding.
Other studies have shown that HMGA1 can play a role in regions of the genome that repress gene expression. For example, HMGA1 is known to suppress CD4 and CD8 expression in T cells (43) and BRCA1 expression in carcinoma cell lines (44) . Likewise, we herein propose a model in which HMGA1 binding contributes to a repressive element controlling the expression of STAT1. Based on previous studies, it is possible that the binding of HMGA1 to rs11889341 may be facilitated through interactions with other factors (45) . In the mass spectrometry result from DAPA of rs11889341 (Supplementary Material, Table S4 ), Figure 2 . Discovery cohort Bayesian analysis identifies a small group of genetic variants in the STAT4 gene that comprise the 99% credible set in multiple ancestral analyses. Each variant is represented as a data point in the context of its genomic location using genome build GRCh37 coordinates. Variants in red represent members of the 99% credible set for each ancestry (listed in Supplementary Material, Table S2 ). Variants with posterior probability greater than 0.01 are most likely to be causal.
we also found other proteins in the elution from both the risk and non-risk alleles, including PARP1. It has been shown that PARP1 can regulate the serine ADP-ribosylation of HMGA1, which may affect HMGA1 activity (46) . Therefore, it is possible that these proteins might form a complex affecting STAT1 gene expression.
STAT1 is a key transcription factor downstream of Type 1 and Type 2 interferon signaling (47) . Type 1 interferon signaling is known to play a central role in lupus pathogenesis. Specifically, patients with lupus have higher levels of Type 1 interferon in their serum compared with healthy controls and higher levels of Type 1 interferon gene expression signatures Figure 3 . The single variant shared across the 99%-credible sets of the discovery and replication cohort also has the strongest association in a weighted trans-ancestral meta-analysis. A weighted meta-analysis was performed on the results of the logistic regression modelling of each cohort within the discovery and replication cohort.
Each variant is represented as a data point in the context of its genomic location and is colored based on the variant's inclusion in the AICS analysis (shown in red).
Genomic position is provided using GRCh37 coordinates. The only variant shared across the 99%-credible sets (red), rs11889341, shows the strongest association within a trans-ancestral meta-analysis. mRNA levels were normalized to a housekeeping gene, HPRT1. A total of 24 separate cell lines were assessed. Mean 6 SEM is shown. (B) GM12878 cell lines were transiently transfected with luciferase constructs generated by inserting the genomic region surrounding rs11889341 into a luciferase vector containing a minimal promoter. The risk and non-risk versions of the construct differed only at the rs11889341 variant (either risk allele or non-risk allele). Luciferase activity was measured 24 h post-transfection. About nine independent transfection experiments are represented with mean 6 SEM. Two-tailed one-way ANOVA with Holm-Sidak's multiple comparison test was used to estimate statistical significance. (C) The LCL GM12878, which is heterozygous for rs11889341, was used for ChIP-qPCR assessment of the differential binding of HMGA1 to the lupus risk and non-risk alleles. Cross-linked and sonicated chromatin was immunoprecipitated with an anti-HMGA1 antibody. Site-specific primers and probes specific to the rs11889341 risk and non-risk alleles were used for determining HMGA1 binding to immunoprecipitated DNA. Relative enrichment was calculated by normalizing to the non-risk allele.
within their peripheral blood mononuclear cells (PBMCs) compared with PBMCs from healthy controls (as reviewed in 48 and 49) . PBMCs from patients with lupus are more sensitive to Type 1 interferon compared with PBMCs derived from healthy controls (50, 51) . Moreover, in some rare cases, patients injected with Interferon-b develop a lupus-like disease characterized by the production of autoantibodies to nuclear antigens and multisystem pathology (52, 53) 
While we present one mechanism through which variants at the 2q32 lupus-risk locus increase STAT1 expression in B cells, this model is not mutually exclusive of other plausible etiological mechanisms in other cell types. For example, data from a recent study indicate that rs11889341 (the same variant identified as plausibly causal in our study) also affects STAT1 and STAT4 expression in monocytes (39) . Additionally, a study by KimHellmuth et al. (58) shows an association between the variant rs11889341 and STAT1 expression 6 h after LPS stimulation in monocytes from healthy subjects. These data suggest that in monocytes, rs11889341 alters STAT1 gene expression in response to immune stimuli (58) . Further, while we demonstrate the functionality of rs11889341 in the context of nearby gene expression, other variants in the credible set might well have distinct effects in other cell types. Our analysis does not completely preclude other candidates, especially variants which are in tight LD with rs11889341. Genetic variants across this region have further been associated with a variety of other phenotypes with immune components (20, 33, 59, 60) . Future studies will establish whether or not there are shared and diseasespecific mechanisms through which these variants increase disease risk (61) . Additionally, numerous studies have revealed case-only associations of variants at this locus with the presentation and disease progression of lupus (15, 48, (62) (63) (64) (65) (66) . We did not assess the genetic architecture of these sub-phenotypic associations. While the risk variants for lupus etiology are largely shared with risk variants associated with severity of lupus, it is plausible that both shared and distinct molecular mechanisms drive lupus risk and lupus disease severity.
Previous fine mapping studies of the STAT1-STAT4 region assessed a smaller number of variants (19) in a smaller transancestral cohort (9923 individuals with and without lupus). As in our study, the previous fine-mapping analysis identified a group of variants in the third intron of STAT4 as most highly associated. Indeed, the functional variant identified in this study, rs11889341, is 'tagged' through strong linkage disequilibrium (R 2 > 0.95) by the previously most associated haplotype (19) . Also consistent with the previous fine mapping study, we did not identify a lupus association at the STAT1-STAT4 locus in African American subjects. Although it is possible that this region is in fact not lupus associated in subjects of African ancestry, an alternative explanation could be due to the frequency of the risk haplotype identified in African cohorts being substantially lower, as identified in the Raj et al. study (39) . This could have resulted in less robust statistical power to find the lupus-risk association in the African cohort. Future well-powered studies aimed at elucidating the genetic etiology of lupus in individuals of African ancestry will be critical to further explain this genetic association.
In conclusion, we performed a genetic analysis in two independent trans-ancestral cohorts to identify rs11889341 as the variant most likely to be causal for lupus. Functional analyses revealed that the lupus-risk allele of rs11889341 enhances binding of HMGA1 and attenuates the repressor activity of the region surrounding the variant. We further established the minor allele of rs11889341 as increasing STAT1 expression in B cells from subjects with and without lupus. Altogether, this work provides a molecular mechanistic context for a rigorously established lupus risk locus.
Materials and Methods

Genotyping of genetic variants: discovery cohort
We used a large collection of samples from subjects with and without lupus from multiple ethnic groups (Supplementary Material, Table S5 ). These samples were from a collaborative study and were contributed by participating institutions in the Table S5 , spanning GRCh37 chr2: 191,700,000-192,100,000) were genotyped on this array. Subjects were grouped into four ethnic groups: European & European American (EU), African American (AA), Asian & Asian American (AS), and Amerindian (AI). All lupus patients met the American College of Rheumatology criteria for the classification of lupus (68) and were enrolled in this study through an informed consent process approved through the local Institutional Regulatory Boards.
Genotyping of genetic variants: replication cohort
In the Replication analysis, we genotyped 90 SNPs covering the STAT1-STAT4 region (Supplementary Material, Table S5 ), spanning GRCh37 chr2: 191,700,000-192,100,000, as part of a larger collaborative study, the Large Lupus Association Study 2 (LLAS2). The samples were collected from individuals in the United States, Asia, Europe, and Latin America. They were genotyped using the Illumina iSelect platform located at the Lupus Genetics Studies Unit at the OMRF. The subjects were grouped into the four ancestral groups given above. All lupus patients met the American College of Rheumatology criteria for the classification of lupus (68) and were enrolled in this study through an informed consent process approved through the local Institutional Regulatory Boards.
LLAS2 included genotyping of other SLE risk loci, and the analyses of those loci from this same collection, with and without SLE, have been published separately (8,57,69-78).
Genotyping sample quality control
Using standard Illumina genotyping procedures, we generated intensity data for all samples as reported previously (8, 57, 69, (73) (74) (75) 79) . The individuals in the Discovery and Replication cohorts were unique. Some individuals of Asian ancestry that were called with the SLE ImmunoChip study samples were used for other published ImmunoChip studies of lupus risk (79) . Samples were excluded if their call rates were <98% across SNPs that passed the other quality control filters. Duplicates and firstdegree relatives, as defined by pihat greater than 0.4, were removed, retaining the sample with the highest call rate.
Ascertainment of population stratification
The ancestry of the subjects in this study were self-identified. Genetic outliers from each ethnic and/or racial group were removed from further analysis as determined by principal component (PC) analysis and admixture estimates, as described previously (72, (80) (81) . A PC analysis of the remaining samples (after outlier removal) confirms that no sample has a PC1-3 that is more than 2 standard deviations outside of the mean. We used 347 ancestral informative markers (AIMs) from the same custom genotyping study that passed quality control in both EIGENSTRAT (81) and ADMIXMAP (82, 83) to distinguish the four continental ancestral populations: Africans, Europeans, American Indians and East Asians, allowing identification of the substructure within the sample set (84, 85) . We utilized PCs from EIGENSTRAT outputs to identify outliers of each of the first three PCs for the individual population clusters through visual inspection [see Figure 1 of reference (72)]. Three PCs were used because they accounted for 95% of the eigenvalues. Because the four admixture estimate proportions sum to 1, any three of the four provide the full set of information, so only three proportions were necessary to include as covariates; the EA proportion was omitted from this analysis, as it corresponded to the largest ethnic segment of the combined population.
Statistical analysis: workflow
The analysis began by assessing the disease association of genotyped variants in each of the four ancestral Discovery cohorts individually, as published previously [see Figure 1 of reference (86) for visualization of the subjects before and after outlier removal]. We analyzed the genotyped, then imputed variants and built statistical models to account for the lupus-associated variability in each ancestry with genome-wide statistical association. In order to establish the number of independent genetic effects, we performed a conditional logistic regression analysis in which we included the genotype of each individual at rs11889341 as a covariate. Indeed, adjusting for any variant at this locus that is most highly associated with SLE in any ancestry is sufficient to remove residual association in all other variants in the locus. To generate the 99% credible-sets, we performed a Bayesian analysis (described below) and calculated the posterior probability for each variant. This analysis was repeated in our Replication cohort in ancestries that showed genome-wide significance in the Discovery cohort.
Statistical analysis: frequentist approach
We tested each variant for its association with lupus using logistic regression models that included three admixture proportion estimates as covariates, as implemented in PLINK v1.07 (87) . The additive genetic model was assessed as the initially tested model of inheritance.
Using PLINK, step-wise logistic regression was performed to identify those genetic variants independently associated with the development of lupus. For these analyses, the allelic dosage(s) of specific genetic variant(s) were added to the logistic model as covariates in addition to the admixture estimates.
A trans-ancestral meta-analysis was performed using METAL (40) . The P-value and odds ratio for each variant were included and the analysis was weighted for the number of individuals with data for each variant in an individual cohort. METAL performs a meta-analysis using P-values from genetic locus associations as input. The software allows the analysis to be weighted based on sample size and takes into account the direction and magnitude of the effect size (odds ratio) for the associations that are combined in the meta-analysis.
Statistical analysis: Bayesian approach Using SNPTEST, we calculated the BF for each genetic variant. We calculated the probability of the genotype configuration at a genetic variant in cases and controls under the alternative hypothesis that the genetic variant is associated with disease status. Next, we divided this probability by the probability of the genotype configuration at that genetic variant in cases and controls under the null hypothesis that disease status is independent of genotype at that variant. These methods were performed as described previously [we used the previously introduced methods developed and implemented in references (75, 88) ]. We used three admixture estimates as covariates, as we did for the frequentist approach. Large values of the BF correlate to robust evidence for association, as small probabilities provide strong evidence in a frequentist approach. For well-powered studies, the BFs of relatively common variants are highly correlated with the frequentist-derived P-values (reviewed in 89). We used the additive model. The linear predictor is log( To identify the variants most likely to be driving the statistical association, we calculated a posterior probability under the assumption that any of the variants within a single genetic effect could be causal and that only one of these variants is causal for each genetic effect. Regardless of whether the causal variants have been genotyped in this experiment, variants with a low posterior probability are unlikely to be causal (88) .
We generated our credible set by calculating the posterior probability for association of each individual variant. The variants were ordered in descending order by posterior probability and the credible set was defined as the minimum set of variants with posterior probabilities summing to 0.99 or greater.
Imputation to composite 1000 genomes reference panel
To detect associated variants that were not directly genotyped, we imputed the STAT1-STAT4 region with IMPUTE2 using a composite imputation reference panel based on 1000 Genomes Project sequence data freezes from March 2012 (86, 90) . Imputed genotypes were included in the analysis if they had or exceeded a probability threshold of 0.9, an information measure of >0.4, and the same quality-control criteria thresholds described for the genotyped markers. The most likely genotype was used for variants passing quality controls in all analyses.
Identification of differential transcription factor binding
We used the Cis-BP web server to predict transcription factor binding affected by the alleles of rs11889341. Cis-BP contains transcription factor binding models collected from many sources, and allows users to analyze nucleotide sequences for predicted transcription factor binding. The server can also analyze regions containing variants to identify transcription factors whose binding may be altered by the variant (42) .
eQTL analysis
RNA was extracted from 10 million cells from LCLs established from 14 lupus patients and 10 controls for eQTL analysis of STAT1 and 12 lupus patients and 12 controls for the assessment of STAT4 using the Qiagen RNA extraction kit. Cell lines for the expression quantitative trait locus (eQTL) study were selected to include patients and healthy controls with the homozygous risk and the homozygous non-risk genotype at the previously established lupus-associated variant rs11889341. The cell lines used for these experiments were derived from European subjects. About 200 ng of RNA was used to generate a cDNA library using Applied Biosystems High capacity RNA-cDNA Kit (Product # 4387406). STAT1, STAT4 and HPRT1 expression was assayed by qPCR using Taqman Probes [Applied Biosystems Assay # Hs01013996_m1 (STAT1), Hs01028017_m1 (STAT4) and Hs02800695_m1 (HPRT1)] spanning exons.
DNA affinity precipitation assay (DAPA)
Pairs of single stranded 5 0 -biotinylated 35 base oligonucleotides (obtained from IDT Inc., Coralville, Iowa, USA) were annealed to generate double-stranded probes. Nuclear lysates were prepared from an LCL (GM12878) using methods described in Miller et al. (91) . Binding reactions were performed with biotinylated probes, cell lysate, binding buffer, binding enhancer, protease inhibitor, phosphatase inhibitor and 0.1 mg poly (dI-dC) along with protocols supplied with the mMACS Factor Finder Kit. Eluted probe-bound proteins were identified by nano liquid chromatography followed by tandem mass spectrometry (Nano-LC-MS/MS) analysis (92) . The oligonucleotide sequences are provided in Supplementary Material, Table S6 .
Luciferase reporter assays
The 1500 bp genomic region containing rs11889341 was amplified from Jurkat genomic DNA using PCR. The allele of rs11889341 is in the middle of the genomic fragment. The primers used for these reactions introduced a flanking 15 bp sequence homologous to the vector pNL3.2 (Promega) at the 5 0 and 3 0 end (Supplementary Material, Table S6 ). The amplicon containing the genomic region and the homologous sequence was inserted into the pNL3.2 vector with a 5 0 HindIII and 3 0 NheI overhang using the Infusion HD Cloning Kit (Clontech, USA). The pNL3.2 vector contains a nano-luciferase gene driven by a minimal promoter. The vectors were sequenced to identify the allele present and a vector containing the other allele was generated using site-directed mutagenesis with the GeneArt V R SiteDirected Mutagenesis System kit (Thermo Fischer Scientific, USA). The constructs were amplified in chemically competent DH5a cells using manufacturer provided instructions and were subsequently sequence-verified.
To perform the luciferase reporter assay, the pNL3.2 constructs containing the variants and the flanking regions and a pGL3-control firefly luciferase construct were transfected into LCL GM12878 cells with the Neon transfection system using a single 1350 V pulse for 30 ms. Prior to transfection, the cells were seeded at 0.6 Â 10 6 cells/ml and grown for 16 h in RPMI-1640 supplemented with 10% heat-inactivated FBS, 1Â Anti-Anti (Gibco, Waltham, MA), 1 mg/ml of Normocin. For each reaction, 2 Â 10 6 cells were transfected with 2.5 mg of the pNL3.2 nano-luciferase construct and 2.5 mg of the firefly luciferase construct. The cells were incubated for 24 h and luciferase expression was assessed using the One-Glo Ex reagent (Fireflyluciferase) and the NanoDLR Stop & Glo (Nano-luciferase).
ChIP-qPCR
Cross-linking of protein-chromatin complexes was achieved by incubating EBV-transformed cells in cross-linking solution [1% formaldehyde, 5 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) pH 8.0, 10 mM sodium chloride (NaCl), 0.1 mM EDTA, 0.05 mM ethylene glycol tetraacetic acid (EGTA)] and shaking at room temperature for 10 min. Glycine was added to a final concentration of 0.125 M to quench the cross-linking. Cells were washed twice with ice-cold phosphate-buffered saline (PBS), resuspended in lysis buffer L1 (50 mM Hepes pH 8.0, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.25% Triton X-100 and 0.5% NP-40), and incubated for 10 min on ice. Protease and phosphatase inhibitors were added to all buffers. Nuclei were harvested after centrifugation at 5000 rpm for 10 min, resuspended in lysis buffer L2 (10 mM Tris-HCl pH 8.0, 1 mM EDTA, 200 mM NaCl and 0.5 mM EGTA), and incubated at room temperature for 10 min. Nuclei were resuspended in sonication buffer (10 mM Tris, pH 8.0, 1 mM EDTA and 0.1% SDS) after centrifuging. A S220 focused-ultrasonicator (Covaris, Inc, Woburn, MA, USA) was used to shear genomic DNA (150-500 bp fragments) with 10% duty cycle, 175 peak power, 200 burst/cycle for 7 min. Sheared chromatin was precleared with 10 ll Dynabeads A volume of 1% of sheared chromatin was used as input control. After immunoprecipitation, the beads were washed consecutively with low-salt wash buffer (0.1% SDS, 1% Triton X-100, 0.1% sodium deoxycholate, 1 mM EDTA, 50 mM Tris-HCl pH 8 and 150 mM NaCl) twice, high-salt wash buffer (as above with 500 mM NaCl) twice, LiCl wash buffer (0.5 M LiCl, 1% NP-40, 0.7% sodium deoxycholate, 1 mM EDTA and 50 mM Tris-HCl pH 8) twice and twice in 1 mM EDTA, 10 mM Tris-HCl pH 8. Purified chromatin fragments were eluted from the beads with elution buffer (340 mM NaCl, 1 mM EDTA and 10 mM Tris-HCl) and 1 mg/ ml proteinase K, and incubated at 37 C for 1 h. DNA cross-links were reversed by incubating precipitates at 65 C for 5 h. DNA was purified by PureLink V R PCR Micro Kit (Life Technologies, Grand Island, NY, USA) and resuspended in H 2 O. DNA was then analyzed using qPCR with a single set of genotyping primers and differentially tagged fluorescent probes for the risk and non-risk allele of rs11889341. This qPCR was performed with a genotyping Taqman assay (Assay ID: C__26419582_10) using ABI 7500 with the VIC fluorophore for the non-risk allele and the FAM fluorophore for the risk allele). Being heterozygous at this variant provides a well-controlled comparison of the risk and non-risk haplotypes in the cell line studied. We normalized all of our ChIP-qPCR data against a 1% input control. The experiments were done in the GM12878 cell line, which is heterozygous at the variant rs11889341. The crossing threshold (CT) value of each probe for the chromatin pulled down by anti-HMGA1 antibody was normalized to the CTs of each probe from the heterozygous cell DNA (input). Our quantification method is similar to that used in other previously published studies (57, 93, 94) .
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